Objective: Determine whether the structure of the type VI collagen component of the chondrocyte pericellular matrix (PCM) generated by agarose-embedded chondrocytes in culture is similar to that found in native articular cartilage.
Introduction
The mechanical properties of articular cartilage arise predominantly from the specialized composition and structure of its hydrated extracellular matrix (ECM), which comprises approximately 98% of the volume of adult human cartilage (with the resident cells, chondrocytes, accounting for the remaining 1e2%) 1 . While the mechanical function, tissue architecture, and matrix composition of articular cartilage have been observed to vary among joints (particularly among weight-bearing vs non-weight-bearing joints), and also across different areas of the same joint, intact articular cartilage is resistant to the high levels of mechanical compression, tension, and shear encountered during joint motion 2e5 . Clinical treatment of focal cartilage lesions and more widespread damage caused by diseases is aimed at restoring or recreating the mechanical properties of healthy cartilage. In tissue engineering approaches, the ultimate goal is often to induce previously isolated cells to produce a tissue analog with composition, structure, and function approaching that of native cartilage tissue, which can later be implanted into a joint.
The cartilage ECM is composed of an array of collagens, proteoglycans, and non-collagenous proteins which are synthesized, maintained, and in some cases degraded by cell-mediated processes. Chondrocytes in situ and within ex vivo scaffolds are capable of rapid anabolic and catabolic responses, at both the gene expression and protein synthesis levels, to changes in mechanical loading, growth factor stimulation, and other physicochemical changes in their surroundings 6e10 . Much current research in chondrocyte mechanotransduction (the sensing and response to external mechanical stimuli by cells) is focused on the cellematrix interactions occurring at the cell membrane. Several classes of matrix-binding cell surface receptors, including integrins and CD44, have demonstrated the ability to initiate intracellular signaling cascades resulting in changes in chondrocyte metabolism 11, 12 . The ligands for these cellular receptors lie in the matrix immediately adjacent to the cell, termed the pericellular matrix (PCM). This area is distinct in composition and structure from the bulk ECM, being enriched in type VI collagen, hyaluronan and a variety of proteoglycans and non-collagenous proteins 13e16 . The presence of the PCM has been demonstrated by both experiments 17e19 and finite element models 20, 21 to affect the mechanical environment of the chondrocyte, and its lower permeability may also affect transport of soluble growth factors and facilitate binding interactions 22 . The PCM also retains newly synthesized molecules near the cell, where they may be subjected to extracellular assembly processes or influence cell metabolism 23e27 . Thus, in addition to the well-described changes in tissue composition, structure, and mechanical properties with depth from the articular surface 28, 29 , variations in these matrix parameters also exist with distance from the celldfrom the cell surface, through the PCM, and to the further-removed matrix.
The removal of chondrocytes from their surrounding matrix by enzymatic digestion and subsequent culture on twodimensional surfaces disrupts the native cellePCM interface, greatly altering the cell's physicochemical microenvironment. In response, chondrocytes cultured in this manner undergo morphologic changes and rapid proliferation, resulting in cells with a flattened appearance and phenotypic characteristics resembling fibroblasts. However, the encapsulation of isolated cells in three-dimensional matrices such as agarose and alginate hydrogels has been shown to maintain a chondrocytic phenotype during long-term culture 30, 31 , with synthesis of a mechanically functional proteoglycanecollagen matrix 32, 33 . Immunohistochemical studies have shown that over time, agarose-encapsulated chondrocytes recapitulate the composition of their native environment, including deposition of type VI collagen in the pericellular space 34, 35 . To date, the fibrillar structure of this PCM has not been studied in detail.
The particular interest in type VI collagen in the current study arises from its unique structure and location. In articular cartilage, type VI collagen is nearly exclusively located in the PCM. Its triple-helical region contains Arg-Gly-Asp sequences, which are active in binding to cellular receptors 36 . Bounding each end of this collagenous region are globular domains, within which are well-characterized binding sequences (e.g., multiple von Willebrand factor A motifs). These sequences on type VI collagen have been shown to be involved in the creation of multimeric fibrillar assemblies with collagens and aggrecan via interactions with the small proteoglycans decorin and biglycan, as well as matrilin family members 16, 37, 38 . Such intimate interactions between the PCM components and the cell surface are likely involved in mechanotransduction to the cell surface, and engineered constructs with non-native PCM structure could therefore exhibit altered metabolic responses to physicochemical signals, affecting the ultimate success of such approaches.
The objectives of the current study were to investigate the temporal development of the fibrillar PCM structure evolving around agarose-embedded chondrocytes during freeswelling (unloaded) culture. First, the spatial distribution of matrix components and the fibrillar orientation of the developing PCM were visualized with light, confocal, and electron microscopy, with particular attention to the type VI collagen network. Secondly, the expression of certain matrix genes was evaluated over the course of culture using real-time reverse transcription polymerase chain reaction (RT-PCR).
Materials and methods

CELL ISOLATION AND SEEDING INTO AGAROSE
Articular cartilage was dissected from the femoral condyles of eight immature (1e2 week old) bovine knee joints under aseptic conditions. Tissue fragments were collected with a scalpel and were subjected to sequential treatment first with Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and pronase (Sigma; 1 h at 20 U/mL), then with DMEM þ 5% FBS with collagenase (Roche; 16 h at 200 U/mL) at 37 C to release the resident chondrocytes from their surrounding matrix. After washing twice in phosphate buffered saline (PBS) and filtering the cell suspension through a 70 mm cell strainer, isolated cells were resuspended in DMEM. This cell suspension was mixed 1:2 with a 3% w/v solution of low melting point agarose (Invitrogen), creating a cell suspension of either high (30 Â 10 6 cells/mL) or low (15 Â 10 6 cells/mL) cell density in 2% agarose. While still molten, the suspension was gently mixed, then injected into a custom mold to create sheets (4 cm Â 4 cm Â 1.6 mm thick). Initial gelling occurred when the casting frame was cooled by submersion into room temperature PBS, and gelation was completed by removing the construct from the frame and incubating for 10 min in refrigerated DMEM. Cell-agarose sheets were inspected by light microscopy to ensure a uniform distribution of cells within the sheet.
COLLECTION OF CARTILAGE SAMPLES
In order to compare PCR and microscopy results from agarose-embedded chondrocytes to cells in native cartilage, samples of articular cartilage were collected from the patellofemoral grooves of the same joints used for cell isolation. Processing of these samples was immediate (no culture), and identical to the processing for cell-seeded agarose samples, outlined below.
CULTURE OF CELL-SEEDED AGAROSE CONSTRUCTS
Agarose-embedded cells were cultured as sheets for 2 days in medium (high glucose DMEM supplemented with 1% insulinetransferrineselenium supplement (ITS; Sigma), 20 mg/mL (114 mM) ascorbic acid, 0.1 mM non-essential amino acids, 0.4 mM additional L-proline, 10 mM HEPES, 100 mg/mL streptomycin, 100 U/mL penicillin, and 0.25 mg/mL amphotericin B). This medium was chosen based on recent experiments which showed that matrix accumulation with this medium formulation was comparable to that in medium supplemented with 10% FBS, but ITS supplementation did not promote a layer of undifferentiated cells on the surface of the constructs 39 . After this initial 2 day culture, cylindrical samples (3 mm diameter Â 1.6 mm thick) were prepared from the sheet using a stainless steel dermal punch. Multiple samples were subsequently cultured together in 6-well plates in a humidified 37 C incubator, for up to 28 days, using 5 mL medium per 10 disks. Medium was changed every 2 days for the duration of culture. At selected time points, culture was terminated and the samples assessed as outlined below.
BIOCHEMICAL ASSAYS
Samples for gross compositional analysis were solubilized overnight using proteinase K (Roche; 500 mg/mL in 100 mM sodium phosphate with 10 mM EDTA, pH 6.5). The content of sulfated glycosaminoglycan (GAG) accumulated in the sample was assessed by reaction with dimethylmethylene blue 40 . DNA content, used as an indication of cell number, was measured using a Hoechst 33258-based fluorescence assay 41 .
EVALUATION OF GENE EXPRESSION BY REAL-TIME RT-PCR
Samples to be processed for gene expression evaluation were snap frozen in liquid nitrogen immediately on termination 1208 M. A. DiMicco et al.: PCM structure around chondrocytes in agarose of culture, and stored at À80 C until analysis. RNA was extracted essentially as previously described for cartilage 42 ; in brief, for each time point, 10 samples from a given sheet were pulverized together in a liquid nitrogen-cooled mortar and pestle, and then mechanically homogenized in Trizol reagent (Invitrogen). Cellular extracts were then clarified by addition of 10% v/v chloroform and centrifugation in Phase Gel (Eppendorf). After 10 min, the clear supernatant was collected and RNA was isolated using the RNeasy Mini kit (Qiagen), with genomic DNA removed by DNase treatment during sample processing. An Agilent 2100 Bioanalyzer was used to evaluate RNA content and to verify RNA integrity on portions of the RNA extracts, and the remainder was reverse transcribed using the AmpliTaq-Gold RT kit (Applied Biosystems). Real-time PCR was performed using an MJ Research DNA Engine Opticon 2 system, using SYBR Green master mix (Applied Biosystems) to detect amplification. Primers for certain cartilage matrix-related genes (collagens II and VI, aggrecan, fibromodulin, fibronectin, decorin, biglycan), as well as ribosomal 18S (used for normalization) were generated using primer3 43 (Table I) . Standard curves for amplification using these primers were generated; all primers demonstrated approximately equal efficiency, with standard curve slopes w1 indicating a doubling in cDNA quantity each cycle. Expression of a given gene was normalized to the 18S value in that sample.
LIGHT AND ELECTRON MICROSCOPY FOR EXTENT OF MATRIX DISTRIBUTION
Samples for light and transmission electron microscopy were fixed immediately after culture in a solution of 50 mM sodium cacodylate, 2% (v/v) gluteraldehyde, 7% (w/v) ruthenium hexamine trichloride for 6 h at room temperature, then overnight at 4 C, to preserve the structure of the proteoglycan components of the ECM 7, 44 . Fixed samples were washed with a solution of 65 mM NaCl, 100 mM sodium cacodylate (pH 7.4) and stored in 70% ethanol before embedding in Epon 812 and polymerization at 60 C. Sections prepared for light microscopy were sectioned to 3 mm and stained with toluidine blue. Samples for transmission electron microscopy (TEM) were stained with uranyl acetate in methanol before viewing with a Philips TE300 electron microscope.
CONFOCAL MICROSCOPY FOR TYPE VI COLLAGEN DISTRIBUTION
Samples for confocal microscopy were incubated overnight in a solution of bovine testicular hyaluronidase (2 mg/mL) to expose collagen epitopes 34, 35 , then blocked (5% donkey serum in PBS, 4.5 h) and incubated overnight with anti-type VI antibody (Chemicon, 1:10 dilution in PBS with 1% donkey serum). Labeled samples were washed with PBS, then incubated overnight with a rhodamine-conjugated secondary antibody (Jackson Immunoresearch, 1:50 dilution in PBS with 1% donkey serum), and washed as above. Selected samples were incubated for 30 min with calcein AM (Molecular Probes), a fluorescent cytoplasmic dye, for determination of cell location relative to type VI collagen. All samples were fixed with 3.3% formalin for 30 min, washed with PBS, and then visualized using a 40Â objective on an LS 510 laser-scanning confocal microscope (Carl Zeiss, Heidelberg, Germany).
QUICK-FREEZE DEEP-ETCH ELECTRON MICROSCOPY (QFDE-EM)
Samples for QFDE electron microscopy 45, 46 were processed essentially following procedures established for the corneal stroma, another dense connective tissue 47 . Cell-agarose constructs were fixed with a solution of 2.5% paraformaldehyde, 2.5% gluteraldehyde in PBS (pH 7.3) overnight, and stored in PBS until analysis. Samples were frozen by pressing onto a liquid nitrogen-cooled polished copper mirror (EM CPC, Leica Microsystems). Frozen samples were maintained under liquid nitrogen during transfer to a freeze-etch instrument (CFE-60, Cressington Scientific Instruments), held at À180 C and <2 Â 10 À6 mbar. Here, frozen samples were freeze-fractured within the 5e10 mm vitrified layer and etched for 20 min by holding the cold (À180 C) knife over the sample while heating the specimen holder to À100 C. After recooling to À150 C, the exposed fibrillar structure was rotary shadowed with 1e2 nm platinum (20 gun angle) and w30 nm carbon (90 ). Upon removal from the instrument, samples were dehydrated overnight in methanol, then treated with 5% sodium hypochlorite for 4e8 h to separate the metallic replicas from the underlying biological sample. The metallic replica was visualized with a Philips 300 electron microscope (Eindhoven, The Netherlands).
Results
BIOCHEMICAL ASSAYS
To ensure that our culture methods, and particularly the use of serum-free culture medium, produced results similar to previously published data, DNA content and GAG deposition were measured as indications of cell content and matrix biosynthesis, respectively ( Fig. 1 ). Over the 28-day culture period, there was an approximately 75% increase in cell density, in agreement with the extent of cell proliferation reported in previous studies 32, 39 . Based on microscopy, most of the proliferation resulted from single cell divisions, generating many cell doublets but relatively few clusters with larger number of cells. GAG deposition into the hydrogel was also in line with previous results 32, 39 , rising to a value near 2% of the total construct mass over 28 days (compared with a GAG content of 5e8% of the wet weight in native bovine cartilage tissue). Together, these data suggest that the substitution of a serum-free, ITS-supplemented medium for the 10% FBS medium used in previous studies had little effect on the extent of matrix deposition and cell proliferation in these constructs during culture.
LIGHT AND ELECTRON MICROSCOPY TO DETERMINE EXTENT OF MATRIX DEPOSITION
Toluidine blue, a cationic dye, was used to stain the negatively charged proteoglycan components of the matrix deposited by cells during culture (Fig. 2) . At day 2, only staining around the cell surface was evident, with little elaborated matrix. By day 7, not only were cells starting to divide, but the radius of staining, indicating the presence of deposited proteoglycans, reached 4e5 mm from the cell surface, and this radius grew slightly through day 21. Samples treated with testicular hyaluronidase prior to toluidine blue staining (similar to the treatment used for the confocal microscopy samples) did not bind toluidine blue, consistent with the known chondroitinase and hyaluronidase activities of this preparation.
Deposition of a proteoglycan-rich matrix was also observed by transmission EM. Samples were fixed in the presence of ruthenium hexamine trichloride, which precipitates proteoglycans, causing them to appear as dark dots. The distance from the cell surface to the boundary between the proteoglycan (PG)-rich and sparse areas was found to be in agreement with the toluidine blue images at these time points (insets, Fig. 2 ).
CONFOCAL MICROSCOPY FOR LOCATION OF TYPE VI COLLAGEN
Immunohistochemical methods were used in conjunction with confocal microscopy to localize the type VI collagen produced by the encapsulated chondrocytes during culture. Immediately after embedding isolated chondrocytes into the agarose, no type VI collagen was detected on most cells, though a few cells demonstrated focal staining, either on the cell surface or possibly within the cell (not shown). This result indicated that the enzymatic method used to isolate the chondrocytes from the cartilage matrix was effective at removing components of the PCM. By day 7, however, it was apparent that cell surfaces were staining positively for type VI collagen, and that on many cells, staining extended away from the cell surface into the surrounding agarose to a distance of about 1 mm, distributed uniformly around the cell [ Fig. 3(A) ]. Rather than a gradual reduction of staining with distance from the cell, there appeared to be a relatively sharp boundary delineating the extent of type VI collagen deposition. By day 14, the staining for type VI collagen had extended further into the matrix, reaching 6e10 mm from the cell surface, and appeared as a densely staining region surrounding the cell [ Fig. 3(B) ]. The presence of a sharp boundary at the edge of the stained region was still visible, and persisted through days 21 and 28 [ Fig. 3 (C) and (D)], although the extent of type VI collagen deposition appeared to change little between these time points. Through day 28, confocal image reconstructions confirmed that the deposited type VI collagen retained a spherical distribution around the chondrocyte, with no directionality such as that observed in adult tissues previously 48 . Thus, like the proteoglycan deposition observed with toluidine blue and TEM, type VI collagen appeared to be deposited in a time-dependent manner, with deposition slowing after about 2 weeks in culture.
GENE EXPRESSION ANALYSIS
To try to understand the basis for this time-dependent type VI collagen deposition, the temporal expression of a number of matrix genes was investigated using realtime RT-PCR, normalizing expression within each sample to that of ribosomal 18S [ Fig. 4(A) ]. Two days after isolating chondrocytes and embedding them in agarose, type VI collagen (col6) was among the lower expressed genes, about two orders of magnitude below type II collagen (col2), the major collagenous component of the further-removed ECM. For comparison to steady-state levels within cartilage, RNA was also extracted from cartilage tissue (i.e., from cells within their native environment, without isolation). The level of expression of type VI collagen in the day 2 agarose-embedded cells was found to be four times higher than in the cells from cartilage (P < 0.005). This comparison suggests that in native tissue, a low level of type VI collagen expression may be necessary to maintain the pericellular environment, but stripping the cells from their matrix and embedding in a hydrogel induces an anabolic response aimed at rebuilding the PCM early during culture. Of the remaining genes, the expression levels in cartilage and day 2 agarose cultures were significantly different only for type II collagen (col2 P < 0.005), while the others were not significantly different (dcn P ¼ 0.71, agg P ¼ 0.48, fmod P ¼ 0.91, bgn P ¼ 0.13, fnect P ¼ 0.45), remaining essentially unchanged from their expression levels in situ.
The expression of type VI collagen changed over the culture period, being initially high, then declining by about 60% by day 7, and remaining relatively stable thereafter, at approximately twice the level observed in cartilage chondrocytes [P < 0.05 vs day 2 for all other time points; Fig. 4(B) ]. This temporal decrease in type VI collagen expression was coincident with the slowing of the deposition of this protein with increasing culture duration, observed by confocal microscopy, and may indicate a shift from PCM building to maintenance near the expression level observed in native cartilage. No significant temporal trends in gene expression for the other genes were observed over the 28 days of culture (data not shown).
FIBRILLAR STRUCTURE OF PCM QFDE electron microscopy was used to investigate the fibril structure of the construct, with particular attention on the architecture of the PCM [Fig. 5(A) ]. Using this method, the appearance of the further-removed matrix seemed dominated by the porous fibrillar structure of the agarose, which consisted of a network with pore sizes of 150e200 nm diameter. By day 7, a gap was visible between the cell membrane and the agarose scaffold material, suggesting a displacement of the agarose from the cell surface. Within this gap, it was possible to discern small fibrils oriented radially from the cell membrane, toward a dense fibrous ring surrounding the cell. Multiple populations of fibrils were visible, with thin (w5 nm diameter) fibrils having a beaded appearance (i.e., morphological features of type VI collagen), and larger fibrils (20e25 nm diameter), which may reflect the association of type VI collagen with other matrix components. The existence of this fiber-filled gap between the cell surface and the surrounding agarose suggests that the PCM may displace the agarose at early times, as has been suggested previously based on TEM images 7 . The distance from the cell membrane to this compact ring agrees well with the day 7 dimensions of type VI collagen deposition observed with confocal microscopy, and this ring may signify the sharp boundary observed at the edge of this type VI collagen-rich region.
COMPARISON OF AGAROSE-EMBEDDED AND NATIVE CHONDROCYTE PCM STRUCTURE BY QFDE-EM
The structure of the PCM of agarose-embedded chondrocytes was compared with that of chondrocytes within their native (immature bovine) cartilage ECM, to determine whether there were architectural differences near the cell surface [ Fig. 5(B) ]. In the portion of the matrix nearest the cells within cartilage, long fibrils appear predominantly oriented parallel to the cell membrane, and these appear to be connected by radial fibrils, though this structure appears more randomly oriented than has been shown previously in EM images of more mature tissue 49, 50 .
Discussion
This study demonstrated that the newly synthesized PCM, deposited by isolated bovine chondrocytes encapsulated in an agarose hydrogel, was similar in composition, but different in structure, when compared with the PCM surrounding chondrocytes in native cartilage tissue. Toluidine blue staining, confocal and transmission electron microscopy indicated the deposition of a type VI collagen and proteoglycan-rich PCM appearing within 7 days after cell encapsulation. The volume and density of this PCM increased with culture duration through 21 days, with expansion slowing at later culture times, coincident with a decrease in type VI collagen gene expression after the first week of culture. Using QFDE-EM, it was apparent at early times that the newly deposited matrix had displaced the agarose away from the cell surface; the space between the cell surface and the agarose was filled with fibrils characterized by morphological features consistent with type VI collagen (fibril diameter and beaded appearance). The different populations of fibrils that were identified may reflect the presence of composite fibers, for example, of type VI collagen with fibronectin 35 , matrilin, or small proteoglycans 16 , which were not analyzed in detail here. At early time points, these fibrillar PCM components appeared to be oriented perpendicular to the cell surface, in contrast to the primarily tangential orientation found around native chondrocytes. Also, PCM deposition appeared to be uniform around the cells, while the native PCM in mature tissues exhibits inhomogeneities between the articular and basal poles of the chondrocyte 48 . Taken together, these observations establish structural differences between the PCM surrounding chondrocytes in cartilage and that deposited around isolated cells in hydrogel-based tissue engineering strategies. The concept of tissue engineering involves inducing isolated cells to initiate the build-up of native-like tissues outside the body, in a process that in some ways recapitulates development. However, due to practical constraints, most tissue engineering approaches differ greatly from conditions under which skeletal development occurs in vivo. Usually, engineered constructs utilize terminally differentiated cells and non-native (and in many cases, non-biological) matrices. Though some approaches have involved mechanical forces or fluid flows during culture (e.g., Refs. 33, 51 ), these may not approximate the complex mechanical environment present during tissue development and growth 52 . Also, the development of skeletal tissues continues long after birth, and is not generally complete until maturity, potentially many years later. Given these environmental characteristics and time scales of normal tissue development, it could be expected that current cell-based methods of tissue engineering may result in tissues and matrix structures different from their native counterparts. Considering the location of the PCM and its role in transmitting mechanical forces to cells, structural differences between native and in vitro engineered tissue analogs may be important in predicting how these constructs will behave on implantation, and could be useful refining and analyzing tissue engineering techniques.
An assumption of this study is that the presence of a native-like PCM structure in a tissue engineering scenario is desirable in developing cartilage-like bulk tissue structure and mechanical properties. As a test of this concept, others have studied matrix deposition by isolated chondrons (cells surrounded by their PCM, extracted mechanically 21, 50 or enzymatically 53 as a unit from cartilage), and compared this with matrix deposition of chondrocytes isolated without their surrounding matrix, as in the present study. In pellet cultures without mechanical stimulation, chondrons have been reported to be more biosynthetically active than isolated chondrocytes 26, 54 , while in unloaded agarose, at up to 60 million cells/mL, matrix accumulated at the same rate in both chondron and chondrocyte cultures 55 . Furthermore, in the latter study, stimulation of agarose-embedded chondrons by dynamic mechanical stimulation resulted in a slower development of equilibrium and dynamic mechanical properties compared with agarose-embedded chondrocytes. Therefore, it seems likely that the simple existence of a mature PCM around chondrocytes is not sufficient to produce a fully developed tissue. Indeed, the coordinated deposition of PCM and ECM elements, more closely approximating tissue development, may be beneficial for tissue engineering, and may be necessary for the generation of complex interactions among matrix components 16 . In this study we have shown that the type VI collagen component of the PCM undergoes a process of initially rapid growth, after which both gene expression and protein deposition appear to be reduced, by a mechanism yet unknown. Although it is not clear precisely what signals are necessary for hydrogel-encapsulated cells to develop a native PCM structure, it would seem that experimental interventions with this goal may need to target the earliest stages of matrix deposition, possibly the first days of culture. Additional advantages of using isolated chondrocytes rather than chondrons in tissue engineering applications include enabling the cell expansion necessary for implantation of large number of cells, facilitation of cell manipulations such as genetic transduction, and a generally higher cell yield per volume of tissue.
The spherical geometry of the PCM observed here using confocal microscopy is a departure from the polarity usually observed in mature cartilage, in which the portion of the PCM nearer the articular surface is characterized by a compacted region, while the portion toward the subchondral bone exhibits a more diffuse, tapered structure often described as a ''tail'' that can extend up to 40e100 mm from the cell 13, 48 . Likewise, the radial orientation of fibrils from the cell surface observed in these immature chondrocytes is in contrast to the architecture observed surrounding mature chondrocytes in situ, where fibrils usually appear to be oriented primarily tangentially to the cell 49 . However, in a recent study, the PCM ultrastructure in developing rabbit articular cartilage was found to be composed of randomly oriented collagen fibrils, which later (at sexual maturity of the animal) begin to exhibit the hallmark tangential structure of the chondron 56 . While QFDE-EM of our immature bovine cartilage showed some developing tangential orientation [ Fig. 5(B) ], it is possible that agarose-embedded cells, like immature cartilage, do not exhibit highly oriented PCM structure, and that this may develop over longer periods of time under appropriate stimulation. The consequences of these differences in matrix topology are not known. Furthermore, a sharp boundary existing at the distal edge of the type VI collagen-rich PCM was observed by confocal IHC, and this appeared as a dense fibrillar structure with QFDE-EM, separating the PCM from the surrounding agarose ( Fig. 5 ). It is possible that this structure represents the ''dense capsular sheath'' surrounding chondrons described by Poole and coworkers, which has been identified by TEM/scanning electron microscopy (SEM) 57 , differential interference and phase contrast microscopy 50 , and as a dense granular boundary in type VI collagen immunostaining evaluated with TEM 48, 50, 57 . Similarly, Lee and coworkers described a dense-staining ''pericellular rim'' surrounding chondrons both in situ and after enzymatic isolation 53 . Alternately, this boundary could simply represent compressed agarose that has been displaced from the cell surface as the PCM expanded. Though the structure of this boundary is clearly different than the rest of the PCM or ECM, its composition and function are currently unknown.
The QFDE-EM method used here enables visualization of three-dimensional macromolecular organization in biological samples, and was first used to observe vesicle 1213 Osteoarthritis and Cartilage Vol. 15, No. 10 release at the surface of a neural synapse 45 . Others have used this method to investigate elastic cartilage from the fetal bovine ear 58 , and condensed proteoglycans within articular cartilage 59 , with relatively little attention to the structure of the PCM. However, in the latter study, it was noted that fibrillar structures located in the PCM of rat femoral condylar cartilage were observed to run parallel to the cell surface, with much lateral branching 59 , similar to the structure seen in the native cartilage of the current study.
This study utilized immature bovine chondrocytes embedded within an unloaded agarose gel, a system that is commonly used as a model system to study cellular behavior in a 3D environment, and it is likely that changes in either the cell source or scaffold properties could yield different, and possibly more optimal, matrix deposition and construct properties. Our use of terminally differentiated cells bypasses the intricately controlled sequence of tissue formation that occurs during skeletogenesis 60 ; however, the young chondrocytes used here represent a well-characterized, easily accessible cell population from a developing tissue, and as such, may reflect some developmental processes more accurately than adult cells. For example, previous studies that utilized adult canine chondrocytes in agarose revealed that the extent of PCM deposition after 12 weeks was similar to that observed around our immature cells in just 1 week 35 . Variations in species, primary vs passaged cells, or multipotent capabilities (e.g., mesenchymal stem cells) represent important directions for further studies.
Similarly, changes to the scaffold material could affect parameters such as the matrix stiffness, mass transport characteristics, electrical properties, and binding interactions with cells, any of which could modulate the cellular metabolism and alter the observed PCM structure. Indeed, in a recent study utilizing human and bovine chondrocytes from healthy and osteoarthritic donors, the spatial deposition of a type VI collagen-rich PCM was highly dependent not only on cell source, but on the fibrillar architecture of the HYAFF 11 scaffold 61 .
Relationships among biochemical composition, molecular structure, and macroscopic tissue function, as well as the cell-based processes underlying these tissue-level characteristics, have been elucidated for many tissues. Compositionestructureefunction relations are especially important in tissue engineering applications, where cells are induced to create a living tissue analog with the functional characteristics of native tissue, including its ability to respond to physicochemical stimuli. Our ongoing studies are focused on investigating the modulation of structure by manipulating the mechanical and chemical environment of these cellular constructs during culture.
